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Spin Hall magnetoresistance (SMR) has been investigated in Pt/NiO/YIG structures in a wide
range of temperature and NiO thickness. The SMR shows a negative sign below a temperature
which increases with the NiO thickness. This is contrary to a conventional SMR theory picture
applied to Pt/YIG bilayer which always predicts a positive SMR. The negative SMR is found to
presist even when NiO blocks the spin transmission between Pt and YIG, indicating it is governed
by the spin current response of NiO layer. We explain the negative SMR by the NiO ’spin-flop’
coupled with YIG, which can be overridden at higher temperature by positive SMR contribution
from YIG. This highlights the role of magnetic structure in antiferromagnets for transport of pure
spin current in multilayers.
Magnetoresistance plays essential roles in providing
both a fundamental understanding of electron transport
in magnetic materials and in various technological ap-
plications. Anisotropic magnetoresistance (AMR) [1, 2],
giant magnetoresistance [3, 4], and tunneling magnetore-
sistance [5–8] underpin technologies in sensors, memo-
ries, and data storage. Recent studies of thin film bi-
layer systems comprised of a normal metal (NM) and a
ferromagnetic insulator (FI) revealed a new type of mag-
netoresistance called spin Hall magnetoresistance (SMR)
[9–11], originating from the interplay between the spin
accumulation at the NM/FI interface and the magnetiza-
tion of the FI layer. When the NM layer has a significant
spin-orbit interaction, e.g. Pt, an in-plane charge current
jc induces a spin current via the spin Hall effect, which
in turn generates a spin accumulation near the NM/FI
interface. At the same time, this spin accumulation is
affected by the orientation of the magnetization in the
ferromagnet. The conductivity of the NM layer is thus
subject to a magnetization dependent modification to the
leading order in θ2SHE, where θSHE is the spin Hall angle
in the NM layer.
Since the discovery of SMR, experimental studies were
instigated in various systems [12–19]. The amplitude of
SMR is defined as the difference of the resistivities with
an applied field, H, parallel (ρ‖) and perpendicular (ρ⊥)
to jc: ρSMR=ρ‖ − ρ⊥. This is predicted to be always
positive because when H ‖ jc, the FI can absorb more
spin current, by which the backflow required to ensure
the stationary state is reduced at the FI/NM interface,
in turn causing less secondary forward charge current,
and therefore gives : ρ‖ > ρ⊥ [9, 10]. Positive ρSMR is
found in most experimental observations.
Very recently, a negative SMR (ρ‖ < ρ⊥) was reported
when an antiferromagnetic (AFM) insulator, in this case
NiO, is inserted between Pt and YIG [20]. The negative
SMR was also found to revert to the conventional positive
sign at higher temperatures. Signal contamination from
other magnetoresistances such as AMR was excluded by a
systematic field angle dependence measurement. This re-
sult challenges the present understanding of SMR. Since
the SMR does not change its sign in the Pt/YIG bilayer
structure, the NiO layer must be the cause. However, it
is not clear why NiO should give a negative SMR since
antiferromagnets are thought only to affect the efficiency
of the spin communication between Pt and YIG [21–26].
In this letter, we report the temperature dependence
of SMR in Pt/NiO/YIG structures with different thick-
nesses of NiO. The temperature at which the SMR be-
comes negative is found to depend on the NiO thickness.
The anomalous negative SMR at low temperatures is ex-
plained from a ‘spin-flop’ configuration whereby the Ne´el
order of the NiO is perpendicularly coupled to the mag-
netization of YIG [27]. As the spin conductivity of NiO
increases with increasing temperature [24–26], the mo-
ments of the YIG beneath have an increasing influence
on the total SMR signal. The positive SMR contribution
from YIG competes the negative SMR from NiO. At the
sign change, the competition leads to a vanishing SMR.
Above, in the high temperature regime, the positive SMR
of the YIG dominates. We introduce a phenomenological
model to describe the competition between the positive
and negative SMR contributions, which reproduces the
NiO thickness dependent SMR sign change behaviors in
Pt/NiO/YIG.
An epitaxial YIG film of thickness 3 µm was grown
on a gadolinium gallium garnet (111) substrate prepared
by the liquid phase epitaxy. NiO films of different thick-
ar
X
iv
:1
61
0.
07
36
2v
2 
 [c
on
d-
ma
t.m
es
-h
all
]  
8 M
ar 
20
17
230 40 50 60 70 80
Y
IG
(4
4
4
)
N
iO
(2
2
2
)
In
te
n
s
it
y
 (
a
.u
.)
2θ (deg)
N
iO
(1
1
1
)
Pt
NiO
YIG
3 nm
FIG. 1. X-ray diffraction patterns of a 50 nm NiO film on
YIG(111). Inset shows the cross section TEM photo for a
Pt/NiO/YIG trilayer measured in the transport experiment.
nesses were grown by sputtering onto the YIG at 400 ◦C.
The film was then covered with 4 nm of sputtered Pt.
The X-ray diffraction patterns of a 50 nm NiO film on
YIG is plotted in Fig. 1, which only shows (111) and (222)
NiO peaks of narrow line width. It suggests that the NiO
film is of high crystallinity and a (111) preferred orienta-
tion. The inset in Figure 1 shows a representative cross-
section TEM picture for a Pt/NiO/YIG sample, which
confirms a good thickness uniformity and clean interface.
Figure 2(a) shows the illustration of the magnetore-
sistance (MR) measurement setup and the definition
of magnetic field angles. Standard four-probe method
is employed for the MR observation at current density
∼ 108 A/m2, and MR can be detected either by sweep-
ingH along a fixed direction or by rotatingH of the same
magnitude [9]. Figure 2(b) shows the MR measured by
H sweeping in a Pt/NiO(2.5 nm)/YIG sample at field
angle α = 0◦ for various temperatures. The range of
magnetic field over which the magnetoresistance occurs,
coincides with that of the switching process of YIG [28].
The MR data for T >140 K is consistent with the predic-
tion ρ‖ > ρ⊥ of the SMR theory. When T =140 K, the
MR nearly vanishes. For T <140 K, a sign change of MR
is observed and the MR amplitude increases with decreas-
ing temperature. The MR data from the same sample at
field angle α = 90◦ is plotted in Fig. 2(c), which shows
the same feature of the sign change. The SMR ratio
∆ρSMR/ρxx extracted from Fig. 2(b) and 2(c) are plot-
ted in Fig. 2(d). Figure 2(e) and 2(f) show the field angle
dependence of resistance in Pt/NiO(2 nm)/YIG at 260 K
and 20 K, which not only reproduces the MR sign change
behaviour, but confirms the SMR-type field angle depen-
dence symmetry as well [20]. Thus, it looks reasonable
to claim that SMR is the dominant contribution for the
MR in Pt on NiO/YIG, since other mechanisms such as
anisotropic magnetoresistance will cause a different field
angle dependence [29]. However, the sign change of the
magnetoresistance in the low temperature regime seems
to be at odds with SMR which, conventionally, can only
be positive [10].
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FIG. 2. (a), The illustration for the magnetoresistance mea-
surement setup for various magnetic field (H) orientations. α,
β and γ are the field angles defining the H directions when H
is applied in the x-y, x-z and y-z planes, respectively. (b), (c),
Magnetoresistance measured by H sweeping for a Pt/NiO(2.5
nm)/YIG at α = 0◦ and 90◦ for various temperatures. (d),
Temperature dependence of the SMR ratio ∆ρSMR/ρxx for
Pt/NiO(2.5 nm)/YIG at α = 0◦ and 90◦. (e), (f), Field an-
gle dependent resistance measured for Pt/NiO(2 nm)/YIG at
260 K and 20 K with |H|= 20000 Oe, which shows positive
and negative SMR, respectively.
Fig. 3(a) shows the temperature dependence of the
SMR ratio measured in Pt/NiO/YIG devices with dif-
ferent NiO thicknesses, dNiO. The change in sign of the
SMR occurs at higher temperatures in larger dNiO sam-
ples. The dNiO dependence proves to be a key piece of in-
formation for understanding the negative SMR. Further-
more, the SMR ratios have (positive) maxima at higher
temperatures for thicker NiO samples. These dNiO de-
pendent characteristics show a quantitative effect of the
NiO on the SMR modulation, rather than a nuanced in-
terface effect [30].
To gain further insight into the temperature depen-
dence of spin transport in NiO, we carried out spin pump-
ing measurements for the same samples, in which spin
current is injected from YIG through NiO to generate
a voltage in Pt via the inverse spin Hall effect (ISHE)
[22]. The Pt/NiO/YIG device is placed on a coplanar
waveguide which serves as a 5 GHz microwave source at
14 dbm, and the details of the experimental setup can
be found elsewhere [24]. The ISHE voltage VISHE from
all the samples is plotted against T in Fig. 3(b), the be-
haviour of which is very similar to the result we found
in Pt/CoO/YIG [24]: spin transmission is nearly zero for
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FIG. 3. (a), The SMR ratio measured in Pt/NiO(dNiO)/YIG
devices with different NiO thickness dNiO at various temper-
atures, which shows that the SMR sign change temperature
is lower for a thinner NiO sample. The SMR ratio peak posi-
tions are marked by arrows. Negative SMR at low tempera-
tures can be observed for all the NiO thickness except dNiO=
30 nm. The dashed curves are the fitting based on Eq. (2).
(b), VISHE in Pt/NiO/YIG devices versus temperature from
spin pumping measurement. The peak positions are marked
by arrows, which are found to be close to the SMR ratio peak
positions marked in Figure 2a. The inset shows the normal-
ized VISHE temperature dependence.
low temperature limit and increases with temperature to
reach the maximum around the Ne´el point. At room
temperature, VISHE shows a non-monotonic dNiO depen-
dence, which is consistent with previous result. Fig. 3(b)
inset shows the normalized VISHE temperature depen-
dence, in which the data for dNiO = 5.4 nm, 7 nm and 15
nm collapse into a single curve. This confirms that the
VISHE is governed by the NiO spin conductivity, which
shows the same T dependence when NiO is thick enough
to exhibit bulk property. For dNiO = 30 nm, VISHE is
below our measurement sensitivity 5 nV.
An important conclusion can be drawn by combining
the results from SMR and spin pumping measurements:
the negative SMR does not rely on the spin transmis-
sion between Pt and YIG, because it reaches the largest
magnitude for the lowest temperature at which NiO spin
conductivity vanishes. This argument can be further sup-
ported by the fact that the negative SMR is present even
for dNiO= 15 nm, where the NiO spin conductivity is
nearly zero throughout the entire temperature range. It
indicates that the negative SMR is not caused by the
magnetic moment of the YIG layer but that of the NiO
layer, which is beyond any model based on spin commu-
nication between YIG and Pt [10, 31].
Let us next provide an explanation for the negative
SMR. The SMR in the trilayer system in this experiment
is governed by the spin current through the Pt/NiO in-
terface, which also reflects the effect of the presence of
the NiO/YIG interface. The sign change and the thick-
ness dependent behavior can be understood by assum-
ing a ‘spin-flop’ coupling between NiO and YIG [27, 32],
which means the antiferromagnetic axis (Ne´el vector unit
nAFM) in NiO is perpendicular to the YIG magnetization
unit vector mFI as illustrated in Fig. 4(a). Although a
perpendicular coupling has not yet been confirmed ex-
perimentally for NiO on YIG, spin-flop coupling between
NiO and other ferromagnets is quite common and well
understood[27, 33, 34]. For dNiO below the domain wall
width of NiO (∼ 15 nm) [35], which is the case for nearly
all the samples, nAFM tends to be uniform in NiO, which
is strongly coupled with YIG and can be manipulated by
magnetic field [36]. Thus, nAFM is always perpendicu-
lar to H below the Ne´el temperature, because the mFI
is parallel to H. In the low temperature limit, e.g. 10
K, the spin current generated in Pt can not penetrate
through the NiO, thus the SMR signal is only caused
by the NiO layer. The NiO local moments perpendicu-
lar to H gives rise to a 90-degree phase shift in the SMR
field angular dependence with respect to the conventional
SMR [9]. Such a 90-degree phase shift in a four-fold SMR
field angular dependence is equivalent to a sign reversal
in the conventional definition of MR, which explains the
negative SMR in Pt/NiO/YIG at low temperatures. For
dNiO= 30 nm which is beyond the domain wall width,
nAFM at the Pt/NiO interface decouples with mFI and
does not respond to H, which explains the vanishing of
the negative SMR.
At higher temperatures, but below the Ne´el point,
antiferromagnetic order is maintained but the spin cur-
rent from Pt has some transmission through NiO, which
makes the effect of the YIG more visible as illustrated
in Fig. 4(b). The negative SMR contribution from NiO
and positive SMR contribution from YIG compete with
each other. With increasing temperature, NiO becomes
more transparent to the spin current, so the SMR con-
tribution from YIG is enhanced. The SMR from NiO
may also be suppressed because of the attenuation of the
antiferromagnetic order at elevated temperatrues. As a
result, the zero point of the SMR occurs at a temperature
where the antiferromagnet is still in the ordered phase.
Thinner NiO layers have a lower Ne´el point due to the fi-
nite size effect [37], hence the SMR also changes the sign
at lower temperatures in thinner-NiO samples, which is
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FIG. 4. Illustrations for the magnetic structure and spin
transport in Pt/NiO/YIG at different temperatures. The red
and green arrows represent the phenomenologically described
spin currents, j1 and j2 in Eq. (1), respectively. The length of
the arrow describes the penetration depth of the spin current.
(a), T close to the low temperature limit. (b), T far above the
low temperature limit and lower than the Ne´el temperature.
(c), T higher than the Ne´el temperature. (d), Illustration of
T -dependent SMR in which the temperatures corresponding
to the conditions in Fig. 4(a), (b) and (c) are marked with
red circle.
in accordance with our observation shown in Fig. 3(a).
Around the Ne´el point as illustrated in Fig. 4(c), the
spin transparency of NiO are maximized [24], where
the SMR contribution from YIG reaches its peak value
and the SMR contribution from NiO vanishes. As ex-
plained above, all the main features of the SMR data
in Pt/NiO/YIG, such as negative SMR at low tempera-
tures, dNiO dependent sign change temperature and peak
temperature, can be interpreted by the ‘spin-flop’ con-
figuration. Figure 4(d) shows an illustration of ρSMR
temperature dependence, in which the temperature cor-
responding to these features are marked. We note that
negative SMR has also been reported in bilayers of Pt on
gadolinium iron garnet and Ar-sputtered YIG, in which
the garnet interface moments can align perpendicularly
to H [30, 38].
A simple phenomenological model based on the picture
discussed above can also provide a quantitative descrip-
tion of the observed SMR temperature dependence. Let
us consider a NM/AFM/FI trilayer system. The key as-
sumption is that we can describe the spin current through
the NM/AFM interface by
ejs = GAFnAFM × (nAFM × µs) + t(T )mFI × (mFI × µs)
= ej1 + ej2, (1)
GAF is the real part of the spin mixing conductance at
NM/AFM interface. µs is the spin accumulation at the
same interface. The first term, which we denote by ej1,
is what is expected for NM/AFM bilayer systems as seen
in the case studied in Ref. [39]. We have introduced the
second term, which is denoted by ej2, to phenomenologi-
cally capture the effect of the FI layer. t(T ) encapsulates
the temperature dependent transparency of the AFM to
the spin current. In the case that the AFM is completely
transparent the NM/FI bilayer result mFI× (mFI × µs)
is recovered. The linear combination of the NM/AFM
and NM/FI terms has been chosen in an attempt to em-
ulate our SMR data in the NM/AFM/FI system, seen
in Fig. 3(a), which seems to indicate a crossover from
NM/AFM bilayer like behavior at low temperatures to
NM/FI bilayer like behavior for higher temperatures.
Once we admit the form of the interfacial spin current
in Eq. (1), we can calculate the SMR by employing the
diffusion equation and the Onsagar principle, according
to Refs. [10, 39]. The SMR contribution to the longitu-
dinal resistivity then is given by
δρ
ρ0
=
2θ2SHEλ
2
N
dNσ
GAF cos
2 φn + t(T ) cos
2 φm + νt(T )GAF sin
2(φm − φn)
1 + νGAF + νt(T ) + ν2t(T )GAF sin
2(φm − φn)
tanh2
(
dN
2λN
)
, (2)
where we defined ν = (2λN/σ) coth(dN/λN ) with λN
and θSHE being the spin diffusion length and the spin
Hall angle in NM, respectively, and σ = ρ−10 is the con-
ductivity of the NM layer. Here, φn(m) denotes the angle
between nAFM(mFI) and the applied current jc in NM.
Now we set out a hypothesis that the crossover between
the negative and positive SMR is of the same origin as
the temperature dependence of the spin pumping signal
(Fig. 3(b)). In order to support it, the temperature de-
pendence of t(T ) is obtained by fitting to the spin pump-
ing data. The resulting function is then used alongside
the other parameters in Eq. (1) to fit the SMR data to
test the validity of our model.
Based on the observation that the ISHE signal in
Fig. 3(b) is roughly exponential in the intermediate tem-
perature regime, we employ VISHE ∝ t(T ) ∝ e
aT−1 to re-
produce the temperature dependence of both spin pump-
ing and SMR. The exponential behavior may not apply
near the Ne´el temperature and the data points near and
above the Ne´el temperature have been excluded from the
5fitting. Under these assumptions, a can be determined
from the spin pumping data (TABLE I).
We then fit δρ/ρ|φm=0− δρ/ρ|φm=pi/2 based on Eq. (2)
to the experimentally obtained SMR ratio ∆ρSMR/ρxx
in Fig. 3(a) using the fitted value of a from the VISHE
data. We fix λN = 1.5nm, dN = 4.0nm, ρ0 = σ
−1 = 860
Ωnm, and θSHE = 0.05, which are taken to be relevant
values to the present experiment, and we further deter-
mine GAF and GF from the data, where the latter two
are defined by t(T ) = GF (e
aT − 1), φn − φm = pi/2, re-
spectively. The temperature dependence of ρ0 and θSHE
is ignored since they scale in some powers of T , which is
wiped out by the exponential change in t (T ). The fit-
ting curves can quantitatively reproduce the SMR sign
change behavior as shown in Fig. 3(a), and the fitting
parameters are summarized in TABLE I.
dNiO a[K
−1]× 102 GAF GF
2.0 1.83± 0.22 3.58± 0.32× 1012 8.39± 0.57× 1011
2.2 1.38± 0.19 4.48± 0.17× 1012 7.78± 0.26× 1011
2.7 1.42± 0.10 3.67± 0.09× 1012 3.01± 0.08× 1011
4.0 1.16± 0.09 2.46± 0.13× 1012 2.22± 0.14× 1011
TABLE I. The results of the fitting with the data from the
SMR and spin pumping signals. The parameters are defined
in the main text. The units of the last two columns are both
[Ω−1m−2].
Our result highlights the importance of magnetic struc-
ture in AFM for spin transport, which suggests an al-
ternative degree of freedom of spin manipulation. The
NiO-induced SMR indicates that spin current response
of AFM is anisotropic, which opens the possibility to use
AFM insulator as a spin current valve or memory.
Note added.—Recently, we became aware of similar
results for the SMR sign change observed in Pt/NiO/YIG
by W. Lin et al. [31]. The NiO-thickness dependent SMR
at room temperature was also reported by Yu-Ming Hung
et al. [40].
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